Background-Few studies have examined the overall effect of maternal fish intake during pregnancy on child development or examined whether the developmental benefits of maternal fish intake are greater in infants breastfed for a shorter duration.
INTRODUCTION
Fetal life and early infancy are critical periods for brain development. Early-life exposure to toxicants such as ethanol and lead may result in persistent deficits in cognition and development (1, 2) . In addition, evidence is accumulating that early nutrition may program later neurodevelopment (3) .
In particular, some investigators have examined whether early postnatal exposure to the longchain n-3 polyunsaturated fatty acid docosahexaenoic acid (DHA) benefits later development. DHA, whose primary dietary source is fish and other seafood, is an essential structural component of the brain (4) . DHA is also present in breast milk but not, until the past few years, in infant formula. Higher intake of DHA in infancy from breastfeeding (5) (6) (7) or from random assignment to an infant formula supplemented with DHA (8, 9) may benefit cognitive development.
Fewer investigators have examined whether the mother's prenatal n-3 fatty acid status is associated with child development (10) . The available studies have been consistent in finding improved development in infants and children with higher maternal prenatal DHA intake, whether estimated by more frequent fish intake (11) (12) (13) , supplementation with fish oil (14, 15) , or higher maternal or umbilical cord blood concentrations (16, 17) . To date, no studies have examined possible interactions of maternal fish or DHA intake during pregnancy with breastfeeding.
In the present study, we examined associations of maternal fish consumption during pregnancy and the duration of infant breastfeeding with attainment of child developmental milestones reported at 6 and 18 mo of age. We used data from the Danish National Birth Cohort (DNBC), a large population-based study of pregnant women and their children. We hypothesized that fish intake and breastfeeding duration would each be directly associated with attainment of developmental milestones. We also hypothesized that the benefit of maternal fish intake would be greatest among children who breastfed for a shorter duration, because they would have less opportunity for postnatal DHA intake.
SUBJECTS AND METHODS

Subjects
The DNBC enrolled 101 042 pregnant women from 1997 to 2002; this group represented ≈ 30% of all deliveries in Denmark during these years. Study aims and protocols were reported previously (18, 19) . Briefly, general practitioners throughout Denmark recruited women at their initial prenatal visit, usually in weeks 6-12 of pregnancy. Enrolled participants completed computer-assisted telephone interviews at gestation weeks 12 and 30 as well as at 6 and 18 mo after delivery, and they also completed mailed food-frequency questionnaires (FFQs) at gestation week 25 . Study instruments are publicly available (20) .
Of the 92 676 women with liveborn singleton infants, 50 276 completed both the initial interview and the FFQ during pregnancy. Of the 28 277 mothers who completed the 18-mo post-partum interview, we studied the 25 446 who responded at 18.0-20.9 mo and who had complete data for all previously specified covariates-namely maternal age, social status, marital status, parity, smoking and alcohol use during pregnancy; maternal and paternal education; and child gestational age, birth weight, sex, and breastfeeding. We also studied the 35 557 mothers who completed the 6-mo postpartum interview, of whom we included the 28 958 who responded between 5.0 and 6.9 mo after delivery and who provided information on all previously specified covariates, as above. Women included in this analysis did not differ markedly from those not included with respect to mean fish intake (26.5 and 26.9 g/d. respectively), age (29.3 and 29.1 y, respectively), or parity (53.5% and 52.8% parous, respectively), but the included women had somewhat longer mean breastfeeding duration (8.0 and 7.6 mo, respectively) and were less likely to be single (0.9% and 2.8%, respectively) and to smoke cigarettes during pregnancy (23.5% and 28.0%, respectively) than were the unincluded women. Included children had slightly greater gestation length (40.1 and 39.9 wk, respectively) and birth weight z score (0.24 and 0.20, respectively) than did unincluded children.
All participants provided written informed consent. The Regional Scientific Ethics Committee for the municipalities of Copenhagen and Frederiksberg approved all study protocols, and all procedures were in accordance with the Declaration of Helsinki.
Ascertainment of prenatal diet
A detailed description of the dietary assessment used in the DNBC was published previously (19, 21) . At gestation week 25, enrolled women were mailed a self-administered semiquantitative FFQ, which contained >360 questions about the intake of foods and supplements during the previous month, including the intake of fish as a main meal and of fish with bread. This food-frequency questionnaire was modified from one used at the Danish Cancer Registry (22) , and it has been validated in a subset of women against 7-d weighed food diaries and blood biomarkers (23) . We calculated total fish intake (in g/d) by using assumptions about standard portion sizes. For our primary analyses, we analyzed fish intake in quintiles. In addition, we analyzed fish intake as a continuous exposure in weekly servings and also according to current US recommendations for weekly fish intake during pregnancy, with the categories of no fish (0 g/wk), 1-2 servings/wk (1-340 g/wk), or ≥3 servings/wk (>340 g/wk) (12, 24) .
Ascertainment of breastfeeding
At the 6-mo postpartum interview, mothers reported whether they had never breastfed, were currently breastfeeding, or had stopped breastfeeding. Those who were no longer breastfeeding reported the child's age when daily breastfeeding stopped. At the 18-mo postpartum interview, mothers reported whether they had breastfed their child beyond 6 mo and, if so, whether they were still breastfeeding or they reported the child's age at discontinuation of breastfeeding. We analyzed breastfeeding duration as the duration of any breastfeeding, not distinguishing between exclusive and supplemented breastfeeding, in categories of ≤1, 2-3, 4-6, 7-9, or ≥10 mo.
Developmental milestones
The primary outcome was total development at 18 mo. At the 18-mo postpartum interview, mothers answered (yes or no) to 9 questions about whether the child could climb stairs, remove his or her socks and shoes, drink from a cup, be occupied for 15 min without adult participation, fetch an object when requested, write or draw, orient a book correctly, use word-like sounds, and put 2 words together. Mothers also reported the ages (in mo) at which the child could first sit unsupported and could walk unassisted and the total number of words the child could currently say. We excluded questionnaires with "don't know" or missing responses to any of the questions. We created a total developmental scale with 1 point for each yes answer on the yes-or-no questions or for being in the highest decile for the 3 continuous responses (sat at <5 mo, walked at <10.5 mo, and says >60 words). We also a priori created overlapping subscales for motor (sat at <5 mo, walked at <10.5 mo, climb stairs, remove socks or shoes, drink from cup, fetch object, color, and orient book) and social or cognitive (remove shoes, drink from cup, fetch object, occupy self, color, hold book, use words, say >60 words, and use 2 words together) milestones.
Mothers also reported child development at 6 mo. At this interview, mothers answered 13 yesor-no questions about the child's current development: whether the child could hold up his or her head, sit with a straight back, roll back to front, sit unsupported, look in the direction of sounds or voices, throw a toy to the floor, make sounds while playing (other than crying), imitate sounds, reach for objects, crawl, seek contact with the parent (by reaching or making sounds), express dislikes, and bring an object to his or her mouth. We created a total developmental scale based on the responses to these 13 questions, assigning 1 point for each "yes" answer. In addition, a priori we created overlapping subscales for motor (hold head up, sit, roll, sit unsupported, look in the direction of sounds, throw toy, reach for object, crawl, reach for parent, and bring object to mouth) and social or cognitive (look at sounds, make sounds, imitate sounds, reach for object, reach for parent, and express dislikes) milestones.
Because of the small numbers of subjects with low scores, we collapsed the lowest categories of each developmental scale. At 18 mo, the ranges of possible scores were 5-12 for total, 3-8 for motor, and 4-9 for social or cognitive development. At 6 mo, the ranges of possible scores were 6-13 for total, 6-10 for motor, and 3-6 for social or cognitive development.
Covariates
Using data from the pregnancy interviews, we determined maternal age, parity, prepregnancy BMI, marital status, maternal and paternal education, history of parental school problems, and social class based on the higher of mother's or father's employment status. We calculated gestational age from the last menstrual period reported by the mother at study recruitment (gestation week 6-10) or from the expected date of delivery provided by the woman during the second telephone interview (gestation week 30), which was most often based on ultrasound results (21) . The date of birth was extracted from the Danish Civil Registration System. The midwife who attended the child's birth recorded birth weight, birth length, and head circumference. We calculated sex-specific weight and head circumference z scores at birth on the basis of published reference data (25) . From the 6-mo postpartum interview, we determined whether there had been maternal smoking or alcohol use (or both) during pregnancy and the occurrence or nonoccurrence of postpartum depression. At the 18-mo postpartum interview, mothers reported the child's weight, height, and head circumference, which had been measured by the general practitioner at routine 5-and 12-mo well-child visits and recorded in a booklet kept by the mother.
Statistical analysis
We examined parent and child characteristics according to quintiles of maternal prenatal fish consumption for the 25 446 children for whom we obtained outcome data at age 18 mo. We tested for trends across quintiles of fish intake by using ANOVA for continuous characteristics and Mantel-Haentzel chi-square tests for categorical characteristics.
We performed multivariate, cumulative, ordinal, logistic regression analysis for each of the 3 outcomes (motor, social or cognitive, and total development) at the 2 ages (6 and 18 mo). This method provides an estimate of the effect of an exposure on the likelihood of obtaining any given score or higher compared with any lower score. Unlike in typical ordinal logistic regression, which provides distinct effect estimates for each individual category compared with a reference category, this method provides a single pooled estimate. An odds ratio (OR) >1 indicates that an exposure is associated with a higher developmental score, and an OR <1 indicates that an exposure is associated with a lower score.
We included as covariates maternal and child factors determined a priori to be of interestnamely, infant sex, gestation length, age at questionnaire completion, and birth weight z score; maternal age, parity, marital status, prepregnancy BMI, smoking or alcohol use during pregnancy, and postpartum depression; and parental social class, education, and learning difficulties. All covariates were modeled as presented in Table 1 . For continuous or dichotomous characteristics, we report the P value for the exposure. For categorical characteristics, we report the P value for trend across categories of the exposure. We did not include child weight or head circumference at 5 and 12 mo because of many missing values, although, in an analysis of the subset of infants with available data, further adjustment for these measures did not appreciably change results (data not shown).
Because we did not observe any evidence of a differential effect of fish intake by child sex (P = 0.26 at 6 mo and P = 0.84 at 18 mo for fish intake × child sex interaction), we present data from boys and girls together. We also looked for a potential interaction between the effects of fish intake and breastfeeding by using a multiplicative interaction term and stratified analyses. We used SAS software (version 9.1; SAS Inc, Cary, NC) for all analyses.
RESULTS
Among the 25 446 mother-child pairs with information on 18-mo development, mean maternal fish intake was 26.6 (range: 0-493.9) g/d. Maternal fish intake increased from a mean of 5.4 (range: 0-10.5) g/d in the lowest quintile of intake to 22.3 (range: 18.2-26.8) g/d in the middle quintile and 58.6 (range: 39.4-493.9) g/d in the highest quintile. Thus, on average, women in the lowest quintile consumed <1 fish serving/wk, those in the middle quintile consumed ≈1.5 fish servings/wk, and those in the highest quintile consumed ≈3.5 fish servings/wk. Most (86.3%) of the women reported consuming 1-2 fish servings/wk (1-340 g/wk), and 11.0% consumed ≥3 fish servings/wk (>340 g/wk), whereas only 2.8% of women never consumed fish (0 g/wk).
The fish species most frequently consumed by women in the DNBC were cod, plaice, salmon, herring, and mackerel. The median mercury content of these species, according to the Danish food monitoring program, ranges from 0.034 to 0.049 ppm (26) . These fish types account for ≈85% of the total seafood intake in the study population. Species with high mercury content, such as shark and king mackerel, are not commonly consumed in Denmark.
Compared with mothers in the lowest quintile of prenatal fish intake, those in the highest quintile were slightly older, more likely to be of high socioeconomic status, more likely to be high school graduates, and more likely to use alcohol but less likely to be nulliparous or unmarried and to smoke cigarettes during pregnancy ( Table 1 ). The mean duration of any breastfeeding was 7.9 mo. Mothers with higher fish intake had infants who were heavier at birth and who tended to breastfeed for a longer duration.
Child motor, social or cognitive, and total development scores also varied by maternal fish intake (Table 1 ). For example, 5.7% of children with mothers in the lowest quintile of fish intake had the lowest total development score at 18 mo, whereas only 3.5% of children with mothers in the highest quintile of fish intake had the lowest total development score (Table 1 ).
In general, participant characteristics were associated with child development in the anticipated directions (Table 2) . Thus, predictors of a higher child developmental score at 18 mo included having a mother who was younger and (previously) nulliparous or who did not drink alcohol during pregnancy, having a father with higher education, being female, and being born after longer gestation or with higher birth weight ( Table 2) . One association went in the direction opposite that anticipated (namely, that children of mothers who smoked cigarettes had higher developmental scores); this finding was mainly based on higher motor development (data not shown), which was perhaps due to the fact that children born to smoking mothers are more likely to be hyperactive (27) .
In the unadjusted analysis, higher maternal fish intake was associated with a higher total developmental score at age 18 mo (unadjusted OR: 1.28; 95% CI: 1.19, 1.36 for the highest compared with the lowest quintile of fish intake). Adjustment for parent and child characteristics did not markedly influence estimates. For example, the effect of maternal fish intake in the highest compared with the lowest quintile was 1.27 (95% CI: 1.18, 1.36) after adjustment for child characteristics and 1.30 (95% CI: 1.21, 1.40) after additional adjustment for parental characteristics. Further adjustment for other potential maternal dietary predictors of child development, namely iron and folic acid intakes, did not alter estimates for fish consumption (data not shown).
After additional adjustment for breastfeeding duration, higher maternal prenatal fish intake remained associated with higher child developmental scores at 18 mo, with an OR of 1.29 (95% CI: 1.20, 1.38) for the highest compared with the lowest quintile (Table 3 ). When we instead analyzed fish intake according to current guidelines for intake during pregnancy, as was done previously (12) , ORs for higher total development at 18 mo were 0.98 (95% CI: 0.85, 1.12) for 1-340 g/wk and 1.20 (1.04, 1.40) for >340 g/wk, compared with 0 g/wk. When we expressed fish intake as a continuous exposure, the OR for higher development was 1.49 (95% CI: 1.33, 1.66) for each additional fish serving/wk. Estimates of the associations of prenatal fish intake with motor and social or cognitive development were generally similar, and approximately the same for milestones reported at 6 mo as for those reported at 18 mo (OR for higher total development at 6 mo: 1.25; 95% CI: 1.17, 1.34 for highest compared with lowest quintile of fish intake) ( Table 3 ).
The adjusted ORs for the association of maternal prenatal fish intake (in quintiles) with attainment of a greater number of developmental milestones at age 18 mo are shown in Figure  1 . Estimates were similar for the lowest and second quintile and then increased across the 3 highest quintiles of intake ( Figure 1 ).
Longer duration of breastfeeding was also associated with better development at age 18 mo. The effect estimate was minimally changed after adjustment for parent and child characteristics; the unadjusted OR was 1.33 (95% CI: 1.23, 1.43); after adjustment for parent and child characteristics and for breast-feeding duration of ≥10 mo compared with ≤1 mo, the OR was 1.29 (95% CI: 1.19, 1.40). After additional adjustment for fish intake, longer breastfeeding duration remained associated with a greater number of attained developmental milestones (OR: 1.28; 95% CI: 1.18, 1.38 for breastfeeding ≥10 mo compared with ≤1 mo). The effect of breastfeeding on the social or cognitive outcomes appeared similar to that on the motor outcomes (Table 3 ). Associations were somewhat weaker for outcomes assessed at 6 mo than for those assessed at 18 mo (Table 3) .
Because we were concerned that we were not adequately accounting for the effects of differences in maternal characteristics according to fish intake, we next restricted our analyses to the children of mothers who had normal prepregnancy BMI and high socioeconomic status, who were nonsmokers and married, and who had no postpartum depression. In this subset of 11 274 children with 18-mo outcome data, the OR was 1.26 (95% CI: 1.12, 1.40) for the highest compared with the lowest quintile of maternal prenatal fish intake, and 1.22 (95% CI: 1.05, 1.41) for breastfeeding ≥10 mo compared with ≤1 mo.
Among women who breastfed for >6 mo (61.4% of the population), the association of prenatal fish intake with their infant's total developmental score at 18 mo (OR: 1.34; 95% CI: 1.23, 1.48 for the highest compared with the lowest quintile) was, if anything, slightly stronger than the effect estimate among those who breastfed up to 6 mo (OR: 1.23; 95% CI: 1.10, 1.38). However, the interaction term for breastfeeding and fish intake did not suggest any effect modification (P = 0.77).
DISCUSSION
In this large, population-based cohort of pregnant women and their children in Denmark, we observed a benefit of higher maternal fish consumption during pregnancy on attainment of developmental milestones at 6 and 18 mo. Longer duration of breastfeeding also was associated with improved development. The effects of maternal prenatal fish consumption and breastfeeding duration were independent of each other. Contrary to our original hypothesis, the benefit of maternal fish intake was not greater in the children breastfed for a shorter duration.
Because of the proven neurotoxic effects of organic mercury (28, 29) , which contaminates fish, federal advisory bodies in the United States have recommended that pregnant women limit their intake of seafood during pregnancy to 340 g (≤2 servings)/wk (24) . However, similar to data from other prospective cohort studies (11, 12) , the results from the present study do not show any overall detrimental effect of prenatal fish intake on developmental milestones, but, rather, they show that higher maternal fish intake is associated with better early development. Thus, for the amount and type of fish intake observed in this population, the nutrient benefits of prenatal fish intake for child development appear to outweigh the toxicant harms.
Expert panels in the United States and Europe have advised that pregnant women consume a minimum of 200 mg DHA/d (30, 31) . Most women do not consume this much DHA from fish and other dietary sources, and thus supplements may be a reasonable alternative. Some studies have found improved development in children of women randomly assigned to receive prenatal DHA supplements, although the doses (1-2 g/d) were substantially higher than the recommended amount (14, 15) . However, it is possible that DHA from fish, in combination with other nutrients, may be more beneficial for nervous system development than is DHA from a supplement (32) .
The large study population in the DNBC allows for narrow confidence limits, which in the present study indicate that it is unlikely that higher prenatal fish intake, even above the range currently recommended, is associated with any adverse effect on early childhood development. However, with such a large number of participants, it was not feasible to perform in-person outcome measurements, such as a validated test of child development. Previous research indicated that the attainment of developmental milestones in infancy, even within the range of normal development, predicts cognitive outcomes in adulthood, such as educational attainment (33) , executive function (34) , and intelligence quotient (35) . However, future studies of subgroups of children in the DNBC at older ages that include more-detailed cognitive assessments and studies in other cohorts with detailed information on maternal prenatal fish intake will be helpful for refining estimates of the influence of prenatal fish intake on child development.
Other advantages of the present study include prospective data collection and the assessment of a number of potential predictors of child development. However, developmental milestones were ascertained solely by maternal report. It is possible that mothers who consumed more fish or breastfed for a longer duration were more likely to report attained milestones, thus biasing results. In previous studies, parental reports of ages at which developmental milestones were achieved were related to later intelligence quotient and social achievement (33, 36) . In addition, as with any observational study, unmeasured confounding is a concern. In particular, we did not have a measure of parental intelligence or an assessment of the home environment. A recent study suggested that maternal intelligence may account for much of the observed cognitive benefit of breastfeeding (37) , although, in that population from the United States, the prevalence and duration of breastfeeding were low, and breast-milk DHA concentrations also were likely to have been low. Other studies that also accounted for maternal intelligence found persistent benefits of breastfeeding (6) . In the present study, adjustment for several previously identified physical and sociodemographic predictors of child development, including maternal body mass index, parental education, marital status, and social class and child growth, influenced results only minimally, and restricting the sample to a more homogeneous subset also did not diminish the observed benefit of fish intake.
We did not have any data on biomarkers of exposure to environmental pollutants, such as methyl mercury or polychlorinated biphenyls, both of which contaminate fish and may harm development (11, 28, 29) . Maternal seafood consumption and subsequent transfer via the placenta or breast milk are the primary routes of early-life exposure to these pollutants (38) . We expect that adjustment for the adverse influence of these toxicants would suggest even stronger developmental benefits of maternal fish consumption and breastfeeding (11, 29) . It is possible, however, that women who consume types of fish that have higher toxicant contamination, or less DHA, than were consumed by the women in the DNBC may experience less of a benefit or even perhaps overall harm from higher prenatal fish intake. Therefore, we recommend that pregnant women, to maximize the benefits and minimize the risks, consider toxicant concentrations in choosing fish to consume.
In conclusion, the present study adds to the growing body of evidence that greater maternal fish consumption during pregnancy and a longer duration of breastfeeding are associated with more favorable child development. We support ongoing efforts to promote breastfeeding to optimize a variety of health outcomes, including development. To allow mothers to make the best choices for their children's development, future studies of prenatal diet should incorporate detailed information on fish intake as well as information on both nutrient and toxicant exposures. Associations of maternal prenatal fish intake, in quintiles, with total developmental milestones attained by children at 18 mo of age. n = 25 446 children in the Danish National Birth Cohort. Odds ratios from cumulative ordinal logistic regression analysis represent the likelihood of attaining a higher developmental score and are adjusted for maternal, child, and parental sociodemographic characteristics as well as for breastfeeding duration. 
